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ABSTRACT 
Thermal stability and effect of heat treatment on electronic structure and microhardness of 
electrodeposited Co−W alloy coatings using gluconate bath was characterized by DSC and 
XPS. XPS studies demonstrate that as-deposited alloy coating has significant amount of Co 
and W metals as well as Co2+ and W6+ species. There is a decrease in Co metal concentration 
in the alloy heated at 600 °C and Co is in fully oxidized form when it is heat treated at 800 
°C. Marginal decrease in W metal concentration and presence of both W6+ and W5+ species 
are observed when the coating is heated at 600 °C, whereas mostly W6+ species along with a 
little amount of W5+ could be seen in the coating heated at 800 °C. Microhardness values of 
1017 and 1336 HK are observed when Co−W coatings are heated at 500 and 600 °C, 
respectively and they are comparable with as-deposited hard chromium coatings.  
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1. INTRODUCTION         
In recent years, nanocrystalline Co alloys have attracted much attention due to their magnetic, 
mechanical, corrosion and wear resistant properties and thermal stability.1−9 They have also 
been used in aerospace and autobody components production as anticorrosive protectors. 
Among Co alloy materials, Co−W alloys have attracted much attention due to their 
exceptional hardness, wear resistant and corrosion resistant behaviour.5−8 Moreover, Co−W 
alloy deposits have been identified as one of the promising replacements for the conventional 
hard chromium deposits which are formed in an environmentally hazardous process based on 
hexavalent chromium.5−7 It has been observed that codeposition of hard material such as W 
with Co could enhance the thermal stability, electrochemical and mechanical properties of 
Co−W alloy coatings.  
It is very well documented in the literature that heat treatment influences the structure, 
composition and the properties of alloys. Heat treatment in the electrodeposited Co−W and 
Co−W−P alloys enhances the corrosion resistance and this enhancement is attributed to the 
formation of stoichiometric compounds, surface oxides and the precipitation of stable phases 
in the microcracks.10−12 Recently, we have studied the structure and morphology of heat 
treated Co−W coatings prepared by gluconate bath and found that there is no change in the 
structure till 500 °C and a remarkable change for the coating heat treated at 800 °C.13 This 
has led us to study systematically for the understanding of such behaviour of this system. In 
the present work, we report details of thermal stability, systematic research on electronic 
structure, elemental oxidation states, their relative concentrations and microhardness of 
Co−W alloy coatings after heat treatment at different temperatures using DSC and XPS 
techniques. Increase in microhardness in heat treated coatings is substantiated by XPS results. 
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It has also been found that heat treated Co−W alloy coatings show comparable microhardness 
of hard chromium coatings.  
2. EXPERIMENTAL METHODS  
Co−W alloy coatings were electrodeposited from baths containing cobalt sulfate heptahydrate 
(15 g L−1), sodium tungstate dihydrate (16.5 g L−1), boric acid (40 g L−1), sodium gluconate 
(110 g L−1) and sodium chloride (30 g L−1). The pH of prepared bath was around 5.2 and the 
pH was adjusted to 5.0 ± 0.05 by the addition of H2SO4. Analytical grade chemicals and 
deionized water were used to prepare the baths. For electrodeposition, approximately 200 mL 
solution was taken in a 250 mL glass beaker. Temperature of the bath was maintained at 80 
°C using a constant temperature water bath. A graphite bar was used as the anode and a 
mechanically buffed brass sheet with 10 cm × 2.5 cm × 0.1 cm dimension was used as the 
substrate. For XPS and DSC studies plating was done on stainless steel substrates. The 
coating was peeled off from the substrate for analysis. Heat treatment studies were carried out 
on the coatings deposited on mild steel substrates. In all cases, substrate was degreased with 
acetone, rinsed with tap and deionized water, cathodically cleaned with 10% NaOH solution 
for 1 min at 15 A dm−2, rinsed with tap and deionized water. Then the substrate was 
deoxidized with 10 vol.% H2SO4 for 30 s (50 vol.% H2SO4 for 5 s for stainless steel and mild 
steel substrates), rinsed with tap water and deionized water and loaded in the bath for 
electroplating. Electrodeposition was carried out by direct current (DC) electrodeposition 
method. DC electrodeposition was carried out galvanostatically by using an Aplab 7253 
regulated DC power supply at an average applied current density of 4.7 A dm−2. The plating 
was carried out for 1 h and the deposited coating was rinsed with deionized water and dried at 
room temperature.  
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The heat treatment temperatures were identified and chosen from DSC curves. The 
thermal stabilities of Co−W coatings were studied at 160, 350, 500, 600 and 800 °C with 
vacuum of 5 × 10−4 Pa. Molybdenum strips were used as heating elements to heat a stainless 
steel 316 thick plate, on which the test samples were placed. The accuracy of the set 
temperature was ± 10 °C. Heat treatment was done for 1 h with heating and cooling rates of 5 
°C min−1. 
Differential scanning calorimetry (DSC) studies for the phase transformation of these 
Co−W alloy coatings were performed with a Diamond DSC (Perkin Elmer). The sample was 
taken in the form of a foil and cut into smaller pieces. About 0.5 g sample was put in an 
aluminium pan and crimped using a cover. Empty aluminium pan with cover crimped was 
used as a reference. The crimped specimen and reference samples were placed in a Pt furnace 
and heated with different scanning rates of 10, 20, 30 and 40 °C min−1 under continuous 
purging of the heating chamber with nitrogen flow of 30 mL min−1 to avoid sample oxidation. 
The plot of temperature against heat flow was obtained.  
X-ray photoelectron spectroscopy (XPS) of as-deposited and heat-treated Co−W alloy 
coatings were recorded with a Thermo Fisher Scientific Multilab 2000 spectrometer using 
non-monochromatic AlKα radiation (1486.6 eV) as an X-ray source operated at 150 W (15 
kV and 10 mA). The binding energies (EB) reported here were calculated with reference to 
C1s peak at 284.5 eV with a precision of  ± 0.1 eV. For XPS analysis, coatings were mounted 
on the sample holder after cutting into small pieces and they were kept in the preparation 
chamber with ultrahigh vacuum (UHV) at 10−9 Torr for 5 h in order to desorb any volatile 
species present on the surface. After 5 h, samples were transferred into the analyzer chamber 
with UHV at 10−9 Torr. All the spectra were obtained with pass energy of 30 eV and step 
increment of 0.05 eV. The experimental data were curve fitted with Gaussian peaks after 
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subtracting a linear background employing PeakFit v4.11 program. For Gaussian peaks, 
slightly different full width at half maximum (FWHM) was used for different chemical states. 
The spin-orbit splitting and doublet intensities were fixed as given in the literature.14 
 Microhardness measurements of these alloy coatings heated with different 
temperatures were carried out on the surface of the deposits using Buehler microhardness 
tester with a Knoop indenter under a test load of 50 g for 15 s. For microhardness 
measurements, samples were polished with 0.3 µm Al2O3 until mirror finishing was obtained. 
Average hardness (HK) value was estimated by making 5 indents on each sample.  
3. RESULTS AND DISCUSSION 
3.1 Chemical composition, structural and morphological studies 
Effects of heat treatment on chemical composition, structure and morphology of Co−W 
coatings are discussed in details in our previous paper.13 In brief, EDXS analysis 
demonstrates an increase in tungsten content in alloy coatings after heating at 600 and 800 ºC 
and W concentration is in the range of 46−59 wt.% in as-deposited and heat treated coatings. 
XRD patterns indicate the presence of amorphous structure in as-deposited coating and the 
coatings heated up to 500 °C, whereas Co3W phase could be observed in the coatings heat 
treated at 600 and 800 °C. Electrodeposited Co−W coating consists of spherical and smooth 
bright nodules on its surface and is crack-free as seen from FESEM image, but cracks could 
be observed in the coatings heat treated at higher temperatures.  
3.2 Thermal stability studies 
It is well known that the metastable alloys, which are thermodynamically unstable, undergo 
phase transformation to become completely stable crystalline phase. DSC is a very useful tool 
to study the phase transformation behaviour of such metastable alloys. The DSC thermogram 
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of Co−W deposits, recorded over a temperature range of 100 to 575 °C at a scan rate of 20 °C 
min−1 is shown in Figure 1. The presence of exothermic peaks suggests the occurrence of 
phase transformation. The peak temperatures and the corresponding enthalpy (∆H) values are 
compiled in Table I.  From the figure it is evident that the deposit displays two exothermic 
peaks at 159 and 335 °C and the corresponding enthalpy values are −11.5 and −5.4 J g−1, 
respectively. Deposit has also exhibited the presence of one endothermic peak at 493 °C with 
an enthalpy value of 49.8 J g−1. From the figure it is evident that the two exothermic peaks 
present are very shallow and are not very prominent. The presence of these exothermic peaks 
could be attributed to the structural relaxation such as annihilation of point defects and 
dislocations within the grains and grain boundary zones. In this sense, the increase in the 
crack density at higher heat treatment temperatures observed from our FESEM studies13 is 
well augmented by the shallow exothermic peaks obtained in the DSC curve and this 
increased crack density is due to the internal movements in the Co−W deposits upon heat 
treatment. It has also been observed that by varying the scan rate there is no significant 
change in the intensity of exothermic peaks. On the other hand, there is an appreciable 
change in the endothermic peak intensity at higher scan rates. From this it is evident that the 
crystalline transformation is not significant in the electrodeposited Co−W alloy in the 
temperature range up to 500 °C. Similar observation has been noticed in the XRD patterns 
obtained for these deposits annealed until 500 °C.13 The endothermic peak observed in all the 
four coatings might have formed due to increased disorderliness in the coating at this 
temperature. Increase in disorderliness actually means the increase in entropy of a system. 
Thermodynamics proves that the increase in disorderliness (entropy) of a system is 
accompanied by heat intake by the system which conforms to the appearance of the 
endothermic peak.  
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Chen et al.15 and Singh et al.16 have reported that there is a possibility of glass 
formation and melting point depression of electrodeposited Co−W alloy coatings. Chen et 
al.15 have noticed that the strong interaction with atoms of different atomic sizes which 
constitutes the eutectic composition produces a large melting point depression. Singh et. al.16 
have calculated the glass forming range to be 40−70 at.% W from the size difference rule, 
whereas the experimental results indicate the glass forming ability (GFA) of Co−W alloys at 
20 at.% W. Therefore, it could be suggested that the electrodeposited Co−W coatings might 
have a very low melting point like 500 °C as seen from the DSC curves. Fedosyuk et al. 
observed low crystallization temperature of around 400 °C for Co−W coatings with low 
tungsten content obtained from citrate baths.17 The authors in their study also found that this 
crystallization temperature increased with increasing W concentration (for 28 at.% W), 
crystallization started at approximately 450 °C). Thus, coatings obtained from gluconate bath 
in this study are stable up to 500 °C.  
3.3 XPS studies 
To get the clear idea about effect of heat treatment on the electronic structure of Co−W 
alloys, XPS studies of as-deposited and heat-treated coatings have been carried out. We have 
done XPS of samples heated at 600 and 800 °C as there is no significant change in the XRD 
patterns of coatings heated up to 500 °C.13 XPS of Co2p core level region in as-deposited 
Co−W alloy coating and the same after heat treatment at 600 and 800 °C could be 
deconvoluted into sets of spin-orbit doublets along with associated satellite (S) peaks. 
Deconvoluted core level spectrum of Co2p in as-deposited Co−W coating and the same 
coating after heat treatment at 800 °C is shown in Figure 2. Accordingly, in the as-deposited 
coating, Co2p3/2,1/2 peaks at 778.3 and 793.1 eV with spin-orbit separation [ΔEB (2p3/2−2p1/2)] 
of 14.8 eV correspond to Co metal, whereas peaks at 781.7 and 797.6 eV with 15.9 eV spin-
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orbit separation could be assigned for Co2+ from highly ionic Co2+ type of species present in 
this kind of coatings.18−20 On the basis of 2p3/2,1/2 peak positions at 780.5 ± 1.5 and 796.0 ± 
1.5 eV, respectively, oxidized Co species could be distinguished from metallic Co. Previous 
studies have reported that differences in the 2p peak positions between Co2+ and Co3+ vary 
from 0.1 to 1.5 eV making it difficult to use the primary 2p peaks to distinguish between CoO 
and Co3O4. These two oxides can be distinguished, however, by differences in satellite 
features. The Co2p spectrum of CoO contains prominent satellite peaks which are separated 
approximately by 4−6 eV higher in energy than the primary peaks. In the present as-
deposited coating, the binding energy separation between Co2p3/2 and its corresponding 
satellite [ΔEB (2p3/2−S)] is 4.3 eV. These satellite features arise from shake-up phenomenon 
in which the excitation of unpaired valence electrons increases the number of relaxed final 
states. While Co3O4 also exhibits satellite peaks due to the Co2+ contribution, they are 
considerably less intense and situated 9−10 eV higher than the primary peaks. Therefore, 
oxidized Co is in +2 oxidation state in the as-deposited coating. Binding energies, relative 
intensities and FWHMs of different Co species as observed from Co2p spectra of Co−W 
coating subjected to heat treatment at different temperatures are summarized in Table II. 
Relative intensities in the table indicate the decrease in Co metal concentration along with 
simultaneous increase in Co oxide species when the coating is heat treated at 600 °C, whereas 
only oxidized Co species is present in the core level spectrum of the coating heated at 800 °C. 
Presence of oxidized Co species in the sample heated at 800 °C could be confirmed from the 
deconvoluted Co2p spectrum shown in Figure 2 (b).  
W4f7/2,5/2 core level peaks at 31.4, 33.6 and 36.1, 38.3 eV in as-deposited spectrum 
could be assigned for elemental W and W6+ species, respectively.19,21 Change in W4f peak 
characteristics could be observed in the coatings heated at 600 and 800 °C. A broad spectral 
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envelop in the higher binding energy region of W4f along with lower binding energy peaks in 
the coating heated at 600 °C indicates the presence of multiple oxidation states of W in this 
coating. The entire spectrum could be deconvoluted into three sets of spin–orbit doublets of 
several W components. Deconvoluted core level spectra of W4f in as-deposited Co−W 
coating and the same coating after heat treatment at 600 °C are displayed Figure 3. 
Accordingly, W4f7/2,5/2 peaks at 31.0, 33.0; 35.5, 37.7 and 36.8, 38.9 eV could be ascribed to 
W0, W5+ and W6+ oxidation states, respectively.22 Similarly, W4f7/2,5/2 peaks at 35.8, 38 and 
36.4, 38.5 eV observed in the coating heated at 800 °C indicate the presence of W5+ and W6+ 
only. It is important to note that metallic W species is absent in the coating after heat-
treatment at 800 °C indicating that W is fully oxidized at this temperature. Binding energies, 
relative intensities and FWHMs of different W species as observed from W4f spectra of 
Co−W alloy coating subjected to heat treatment at different temperatures are summarized in 
Table III.  
XPS of O1s core level spectra of as-deposited as well as heat treated coatings could 
be deconvoluted into several components and are shown in Figure 4. The as-deposited 
coating shows main peak at 532.1 eV that corresponds to oxygen associated with hydroxyl 
(OH−) group, whereas small peaks at 530.7 and 533.4 eV could represent oxygen 
corresponding to CoO and H2O species associated with the sample, respectively.23 A small 
peak above 535 eV corresponds to NaKLL peak coming from Na salt in bath solution taken 
during electrodeposition.24 There is a marginal change in relative intensities of several 
oxygen components after heat treatment.  
Relative surface concentrations of Co and W in as-deposited and heat treated Co−W 
alloy coatings have been estimated by the relation:25  
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where C, I, σ, λ and D are the surface concentration, intensity, photoionization cross-section, 
mean escape depth and analyser detection efficiency, respectively. Integrated intensities of 
Co2p and W4f peaks have been taken into account to estimate the concentration, whereas 
photoionization cross-sections and mean escape depths have been obtained from the 
literature.26,27 The geometric factor was taken as 1, because the maximum intensity in this 
spectrometer is obtained at 90o. Relative surface concentrations (at.%) of Co and W in Co−W 
alloy coatings with different heat treatment temperatures are shown in Table IV.  
3.4 Microhardness studies 
Microhardness measurements were carried out with the surface of the as-deposited and heat 
treated Co−W deposits and the values are given in Table V. Co−W alloy exhibits a hardness 
value of 486 ± 20 HK in as-deposited condition. The hardness obtained is higher than 
electrodeposited Co (~300 HK) and the value agrees well with the values in literature.5 A 
marginal increase in hardness could be seen for the deposit annealed at 160 °C and 
approximately 45% increase in the hardness value could be noticed for the deposit annealed 
at 350 °C. Deposit annealed at 500 °C exhibits more than 100% increase in hardness value. 
Very high hardness value in comparison with as-deposited sample is obtained when deposit is 
heated at 600 °C. Variation of microhardness of Co−W alloy coatings with heat treatment 
temperatures is shown in Figure 5. Within this context, increasing trend in hardness in heat 
treated Co−W coatings is contrary to the behaviour of heat treated hard chromium coatings. It 
was well documented that hard chromium coatings exhibited very high hardness values of 
~1000 HV,28,29 but hardness values decreased drastically upon heat treatment.29 Hardness of 
conventional chromium coating decreased to 810, 585, 270, 100 HV when it was heated at 
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200, 400, 600 and 800 °C, respectively.29 Chromium coatings showed a structure dependency 
of hardness,30 while high dislocation densities were reported to be the reasons for high 
hardness.31,32 But heat treatment caused the formation of fine equiaxed grain structure, 
resulting in softening (decrease in hardness) due to recrystallization which was considered to 
be the main cause for the decrease in hardness of annealed chromium coatings.32  
In present study, amount of W ranges in 46−59 wt.% which indicates that Co and W 
are either in solid solution form or Co3W phase. From the Co−W phase diagram,33 it is clear 
that cobalt and tungsten (W content: 48−51 wt.%) remain in Co3W phase. Therefore, the 
higher microhardness values shown by annealed Co−W deposits until 500 °C could be due to 
the solid solution form of W in Co which can be further confirmed with XRD patterns.13 
Again, significant increase in microhardness has been observed when as-deposited coating is 
heat treated at 160, 350 and 500 °C though there is no structural change up to 500 °C. It could 
be attributed to changes in structural relaxation such as annihilation of point defects and 
dislocations within the grains and grain boundary zones as revealed by DSC studies. On the 
other hand, very high hardness observed in deposits annealed at higher heat treatment 
temperatures could be reasoned with the formation of Co3W phase. Relative surface 
concentrations evaluated from the XPS studies demonstrate that Co is segregated over the 
alloy surface in the as-deposited coating and its concentration decreases upon heat treatment 
at 600 °C (Table IV). Concentrations of Co and W calculated from XPS of the coating heated 
at 600 °C could hint the formation of Co3W phase over the surface at this temperature. 
Further heat treatment at 800 °C slightly increases the surface Co concentration. Again, 67% 
of hard material W species is in alloyed form in the coating heat treated at 600 °C (Table III) 
that could be the one of the reasons for high hardness at this temperature. However, hardness 
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values measured in Co−W coatings heat treated at 500 and 600 °C could be comparable with 
as-deposited conventional hard chromium coatings.  
4. CONCLUSIONS  
Low temperature region exothermic peaks in DSC curve of Co−W alloy coating are related to 
internal movement in the coating, whereas increased disorderliness and possible melting lead 
to endothermic peak observed at higher temperature. XPS studies demonstrate the presence 
of mainly oxidized species of Co and W in the heat treated coatings, whereas as-deposited 
coating contains both metallic and oxidized species. Nature of surface species and their 
compositions in Co−W deposits vary with heat treatment temperatures. Heat treatment 
influences the oxidation states and their relative concentrations. Relative surface 
concentrations of Co and W evaluated from XPS demonstrates that Co is segregated on the 
surface of the coatings and it varies with different heat treatment temperatures. Presence of 
alloyed species in terms of solid solution and Co3W phase enhances microhardness of heat 
treated coatings very significantly. High hardness in the coating heat treated at 600 °C is due 
to greater amount of alloyed W species present in the coating. Increase in microhardness of 
the coatings heated up to 500 °C is due to change in structural relaxation. Hardness of heat 
treated Co−W coatings could be comparable with hazardous hard chromium coatings as they 
have higher hardness values. 
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Table I. Peak temperatures and enthalpy (ΔH) values obtained from DSC thermograms of 
Co−W coating at different scanning rates. 
Scanning rates 
(°C min−1) 
Peak 1 
(°C) 
Peak 2 
(°C) 
Peak 3 
(°C) 
ΔH1  
(J g−1) 
ΔH2  
(J g−1) 
ΔH3  
(J g−1) 
10 145.23 316.76 479.26 −14.5141 −16.2763 24.2591 
20 159.38 334.73 492.80 −11.5445 −5.3942 49.7993 
30 165.12 340.98 502.07 −11.5879 −6.7515 49.4448 
40 169.59 358.00 518.05 −12.4428 −2.6110 49.4274 
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Table II. Binding energies, relative intensities and FWHMs of different Co species as 
obtained from Co2p spectra of as-deposited and heat treated Co−W coatings.  
Coatings Co 
species 
EB of 
Co2p3/2 
(eV) 
Relative 
intensity 
(%) 
FWHM of 
Co2p3/2 
(eV) 
ΔEB (2p3/2−2p1/2) 
(eV) 
ΔEB (2p3/2−S) 
(eV) 
As-deposited Co0 
Co2+ 
778.3 
781.7 
26 
74 
1.89 
3.04 
14.8 
15.9 
− 
4.3 
600 °C Co0 
Co2+ 
778.1 
781.9 
16 
84 
1.87 
3.04 
14.9 
15.8 
− 
4.2 
800 °C Co2+ 781.7 100 3.08 15.6 4.1 
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Table III. Binding energies, relative intensities and FWHMs of different W species as 
obtained from W4f of as-deposited and heat treated Co−W coatings.  
Coatings W species EB of W4f7/2 
(eV) 
Relative 
intensity (%) 
FWHM of 
W4f7/2 (eV) 
As-deposited W0 
W6+ 
31.4 
36.1 
36 
64 
1.36 
1.83 
600 °C W0 
W5+ 
W6+ 
31.0 
35.5 
36.8 
33 
32 
35 
1.41 
1.71 
1.82 
800 °C W5+ 
W6+ 
35.8 
36.4 
26 
74 
1.81 
1.82 
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Table IV. Relative surface concentrations (at.%) of Co and W evaluated from XPS of Co−W 
coatings at different heat treatment conditions. 
Coatings Co W 
As-deposited 87 13 
600 °C 83 17 
800 °C 90 10 
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Table V. Microhardness of Co−W coatings at different heat treatment conditions. 
Coatings Microhardness (HK) 
As-deposited 486 ± 20 
160 °C 538 ± 20 
350 °C 709 ± 20 
500 °C 1017 ± 20 
600 °C 1336 ± 20 
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FIGURE CAPTIONS 
Fig. 1. DSC profile of as-deposited Co−W alloy coating at a scan rate of 20 °C min−1. 
Fig. 2. Deconvoluted XPS of Co2p core level of Co−W alloy coatings: (a) as-deposited and 
(b) after heat treatment at 800 °C.  
Fig. 3. Deconvoluted XPS of W4f core level of Co−W alloy coatings: (a) as-deposited and 
(b) after heat treatment at 600 °C.  
Fig. 4. Deconvoluted XPS of O1s core level of Co−W alloy coatings: (a) as-deposited and (b) 
after heat treatment at 800 °C. 
Fig. 5. Variation of microhardness of Co−W coatings with heat treatment temperatures. 
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Fig. 1. DSC profile of as-deposited Co−W alloy coating at a scan rate of 20 °C min−1. 
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Fig. 2. Deconvoluted XPS of Co2p core level of Co−W alloy coatings: (a) as-deposited and 
(b) after heat treatment at 800 °C. 
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Fig. 3. Deconvoluted XPS of W4f core level of Co−W alloy coatings: (a) as-deposited and 
(b) after heat treatment at 600 °C. 
  25
 
 
Fig. 4. Deconvoluted XPS of O1s core level of Co−W alloy coatings: (a) as-deposited and (b) 
after heat treatment at 800 °C. 
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Fig. 5. Variation of microhardness of Co−W coatings with heat treatment temperatures. 
 
 
 
 
 
 
 
